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Ultrastructure of the Denitrifying Methanotroph “Candidatus
Methylomirabilis oxyfera,” a Novel Polygon-Shaped Bacterium
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“Candidatus Methylomirabilis oxyfera” is a newly discovered denitrifying methanotroph that is unrelated to previously
known methanotrophs. This bacterium is a member of the NC10 phylum and couples methane oxidation to denitrification
through a newly discovered intra-aerobic pathway. In the present study, we report the first ultrastructural study of “Ca.
Methylomirabilis oxyfera” using scanning electron microscopy, transmission electron microscopy, and electron tomogra-
phy in combination with different sample preparation methods. We observed that “Ca. Methylomirabilis oxyfera” cells
possess an atypical polygonal shape that is distinct from other bacterial shapes described so far. Also, an additional layer
was observed as the outermost sheath, which might represent a (glyco)protein surface layer. Further, intracytoplasmic
membranes, which are a common feature among proteobacterial methanotrophs, were never observed under the current
growth conditions. Our results indicate that “Ca. Methylomirabilis oxyfera” is ultrastructurally distinct from other bacte-
ria by its atypical cell shape and from the classical proteobacterial methanotrophs by its apparent lack of intracytoplasmic

membranes.

,VI ethanotrophic bacteria (methanotrophs) are included in the
subset of bacteria known as methylotrophs. These organ-
isms play a critical role in the global carbon cycle and are defined
by their ability to utilize methane (CH,) as their sole carbon and
energy source (reviewed in references 6, 13, 24, and 34). Since
their discovery more than a century ago (33), methanotrophs were
found in a variety of ecosystems, including soils, sediments, wet-
lands, freshwater, and marine habitats.

Until recently, methanotrophs were assigned to a rather lim-
ited group of bacteria within the y- and a-subclasses of Proteobac-
teria (13,34). A major extension was made by the isolation of three
Verrucomicrobia species, which were able to oxidize methane in
extremely acidophilic environments (8, 16, 25), and the identifi-
cation of the denitrifying methanotroph “Candidatus Methylomi-
rabilis oxyfera” in freshwater enrichment cultures (12, 15, 19, 20,
26). For “Ca. Methylomirabilis oxyfera,” various enrichment cul-
tures using different inocula have been described; they show
>97.5% 16S rRNA gene sequence similarity (40).

So far, at least two properties set “Ca. Methylomirabilis oxy-
fera” apart from the other known methanotrophs. First, its phy-
logenetic association with the deep-branching NC10 phylum (26),
a phylum without any cultivated representatives in pure culture
(27), opened a new phylogenetic branch within the otherwise
well-defined methanotrophs. Second, “Ca. Methylomirabilis oxy-
fera” is neither an aerobic methane oxidizer (like all other known
methanotrophs) nor an sensu stricto anaerobic methane oxidizer,
with the only known case of anaerobic methane oxidation (AMO)
represented by the consortium of methanotrophic archaea and
sulfate-reducing bacteria through reverse methanogenesis (17). It
seems that “Ca. Methylomirabilis oxyfera” has developed a new
way of living on methane, by combining AMO coupled to deni-
trification with normal respiration through a newly discovered
intra-aerobic pathway for the production of oxygen (Fig. 1). The
oxygen is produced through an atypical denitrification pathway,
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which proceeds by the dismutation of nitric oxide into dinitrogen
and oxygen. Part of the produced oxygen then is used for the
activation and oxidation of methane (10); the remaining oxygen is
proposed to be used in normal respiration by terminal respiratory
oxidases (39) (Fig. 1).

With respect to cell shape, methanotrophs harbor a variety of
types; rods, cocci, and, occasionally, crescent- and pear-shaped
forms are described (13). There is, however, one ultrastructural
feature of methanotrophs that is shared by most: the intracyto-
plasmic membranes (ICMs). The ICMs harbor the key enzyme for
the methane oxidation, the particulate form of methane mono-
oxygenase (pMMO). Some methanotrophs also posses the soluble
form of this enzyme (sMMO), which resides in the cytoplasm (13,
34). The physical arrangement of pMMO in ICMs results in an
increase of the amount of this enzyme, which can reach up to 80%
of total ICM content, and it might be reflected in an enhancement
of metabolic speed (23, 29). With the exception of Methylocella
species (7), which contains only the soluble form of the methane
monooxygenase enzyme, and the three currently known verruco-
microbial species (24), all other methanotrophs possess the
PMMO enzyme as well as ICM structures. The ICMs occur in two
main types of arrangements: as bundles of vesicular disks in Gam-
maproteobacteria (type I methanotrophs) and as paired peripheral
layers in Alphaproteobacteria (type II methanotrophs) (13).
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FIG 1 Postulated model for central catabolism and energy conservation in
“Ca. Methylomirabilis oxyfera.” White diamonds, direction of proton flow.
bey, cytochrome be, complex; mdh, methanol dehydrogenase; ndh, NAD(P)H
dehydrogenase complex; nir, nitrate reductase; nod, nitric oxide dismutase;
pmmo, particulate methane monooxygenase; Q, coenzyme Q. Figure based on
reference 40.

Since its discovery in 2006 (26), some of the key features of “Ca.
Methylomirabilis oxyfera” have been unraveled, including the ge-
nome, transcriptome, and proteome, as well as the major catabolic
pathways (10, 40). However, unlike the case for many proteobac-
terial methanotrophs, knowledge of the ultrastructure of “Ca.
Methylomirabilis oxyfera” so far is nonexistent. Being evolution-
arily completely unrelated to previously known methanotrophs,
“Ca. Methylomirabilis oxyfera” is very interesting from an ultra-
structural point of view. Here, we investigated the ultrastructure
of “Ca. Methylomirabilis oxyfera” using an array of electron mi-
croscopy techniques in combination with various sample prepa-
ration methods. We observed that “Ca. Methylomirabilis oxyfera”
cells possess an atypical polygonal shape. Also, the outermost layer
of the cell consisted of a putative protein surface layer (S-layer).
Further, this study revealed that, at least under the growth condi-
tions used in this study, “Ca. Methylomirabilis oxyfera” does not
develop ICMs.

MATERIALS AND METHODS

“Ca. Methylomirabilis oxyfera” enrichment culture. Samples were
taken from a 15-liter sequencing batch reactor containing the “Ca. Methy-
lomirabilis oxyfera” enrichment culture (modified from reference 26).

Fluorescence in situ hybridization (FISH). Cells from the “Ca
Methylomirabilis oxyfera” enrichment culture were harvested, and hy-
bridizations with a fluorescent probe were performed as described previ-
ously (11), using a stringency of 50% formamide in the hybridization
buffer. The probe was purchased as a Cy3-labeled derivative from Thermo
Electron Corporation (Ulm, Germany). The probe S-*-DBACT-0193-a-
A-18 was used for NC10 bacteria (26). The preparation was counter-
stained with 4',6'-diamidino-2-phenylindole (DAPI) and mounted with
Vectashield (Vector Laboratories, Inc., CA). The percentage of “Ca.
Methylomirabilis oxyfera” cells was estimated by counting the number of
cells that hybridized with the S-*-DBACT-0193-a-A-18 probe and the
number of cells that showed only a DAPT signal from a total of 600
counted cells.

Sample preparation for cryo-SEM. Cells from the “Ca. Methylomi-
rabilis oxyfera” enrichment culture were frozen by both plunge-freezing
and high-pressure-freezing methods. For plunge freezing, the cells were
placed between two cryostubs, forming a sandwich, and plunge frozen in

January 2012 Volume 194 Number 2

“Candidatus Methylomirabilis oxyfera” Ultrastructure

liquid nitrogen slush. For high-pressure freezing, cells were transferred
into a 100-wm cavity of a planchette (3-mm diameter; 0.1 to 0.2-mm
depth; Engineering Office M. Wohlwend GmbH, CH-9466 Sennwald,
Switzerland) and closed with the flat side of a lecithin-coated planchette
(3-mm diameter; 0.3-mm depth). The cells then were cryofixed by high-
pressure freezing (Leica EMHPF; Leica Microsystems, Vienna, Austria)
and transferred to cryostubs. Samples then were placed into a cryotransfer
system (Gatan Alto 2500; Oxford, United Kingdom). The top cryostub
from plunge-frozen samples was fractured by a razor. Subsequently, both
samples were processed in a similar manner. The water layer was subli-
mated for 10 min at —80°C, sputter coated with a thin layer of Au-Pd
(60/40 ratio) for 45 s using a Cressington 208HR sputter coater fitted with
an MTM-20 thickness controller (Cressington Scientific Instruments
Ltd., United Kingdom), and analyzed by cryoscanning electron micros-
copy (cryo-SEM).

For cryo-SEM, cells were taken from the “Ca. Methylomirabilis oxy-
fera” enrichment culture at six different time points. In total, 195 typical
images were obtained containing different amounts of cells (ranging from
1 to ca. 30 cells).

Sample preparation for transmission electron microscopy (TEM).
(i) Chemical fixation (tannic acid-mediated osmium impregnation),
Epon embedding, and sectioning. Cells from the “Ca. Methylomirabilis
oxyfera” enrichment culture were immersed for 30 min at room temper-
ature in aldehyde-based fixative (1.5% glutaraldehyde and 2% paraform-
aldehyde in 0.08 M sodium cacodylate trihydrate buffer, pH 7.4), post-
fixed with 1% osmium tetroxide (OsO,) and 1.5% K,[Fe(CN),] for 90
min at 4°C in darkness, incubated with 1% tannic acid in 0.1 M sodium
cacodylate trihydrate buffer (pH 7.4) for 30 min at room temperature, and
treated with 1% OsO, in distilled water for 30 min on ice in darkness.
Finally, cells were dehydrated in a graded ethanol series (70, 80, 90, 96, and
100% ethanol), gradually infiltrated with Epon resin, sectioned (70-nm
sections) using a Reichert Ultracut E Microtome (Leica Microsystems,
Vienna, Austria), and collected on carbon-Formvar-coated 100-mesh
hexagonal copper grids.

For chemical fixation, cells were taken from the “Ca. Methylomirabilis
oxyfera” enrichment culture at one time point. This sample was chemi-
cally fixed in triplicate using the described protocol both with and without
the tannic acid-mediated osmium impregnation (6 samples). For each
fixation, three Epon blocks were produced, used for thin sectioning, and
investigated by TEM (6 blocks). Based on contrast and ultrastructural
preservation, the fixation with tannic acid-mediated osmium impregna-
tion was used for further investigation. These blocks were extensively
examined by TEM, and in total 50 typical images were obtained contain-
ing different amounts of cells (ranging from 1 to ca. 50 cells). In instances
where cells were counted, cells were chosen from the images at random to
the best of our ability.

(ii) Cryofixation, freeze-substitution, Epon embedding, and sec-
tioning. Cells from the “Ca. Methylomirabilis oxyfera” enrichment cul-
ture were cryofixed by high-pressure freezing as described above. Freeze-
substitution was performed in acetone containing 2% OsO,, 0.2% uranyl
acetate, and 1% H,O (37). Subsequently, samples were kept at —90°C for
47 h; brought to —60°C at 2°C per hour; kept at —60°C for 8 h; brought to
—30°C at 2°C per hour; and kept at —30°C for 8 h in a freeze-substitution
unit (AFS; Leica Microsystems, Vienna, Austria). Uranyl acetate was re-
moved by washing the samples four times for 30 min in the AFS device at
—30°C with acetone containing 2% OsO, and 1% H,O. Fixation then was
continued for 1 h on ice. OsO, and H,O were removed by two washes for
30 min on ice with anhydrous acetone. Samples were gradually infiltrated
with Epon resin and polymerized for 72 h at 60°C (22). Ultrathin sections
(for TEM; 70 nm) and semithin sections (for electron tomography [ET];
400 nm) were cut using a Reichert Ultracut E microtome (Leica Micro-
systems, Vienna, Austria) and collected on carbon-Formvar-coated 100-
mesh hexagonal and 50-mesh square copper grids, respectively. The ul-
trathin sections were poststained with 20% uranyl acetate in 70%
methanol for 4 min and Reynolds lead citrate for 2 min (28).
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FIG 2 Cryoscanning electron micrographs of “Ca. Methylomirabilis oxyfera” cells showing the longitudinal ridges along the cell length. (A) Plunge-frozen “Ca.
Methylomirabilis oxyfera” cells undergoing cell division. (B) Plunge-frozen “Ca. Methylomirabilis oxyfera” cells showing the cap-like structure (inset) at the cell

poles. Scale bars, 500 nm.

For cryofixation, cells were taken from “Ca. Methylomirabilis oxy-
fera” enrichment cultures at four different time points. All four samples
were freeze-substituted in duplicate in both acetone containing 2% OsO,
and acetone containing 2% OsO,, 0.2% uranyl acetate, and 1% water (16
samples in total). For each fixation, two Epon blocks were produced and
used for thin sectioning and investigation by TEM (16 blocks). Based on
contrast and ultrastructural preservation, the substitution in acetone con-
taining 2% OsO,, 0.2% uranyl acetate, and 1% water was used for further
investigation. These blocks were extensively examined by TEM, and in
total 131 typical images were obtained containing different amounts of
cells (ranging from 1 to ca. 50 cells). In instances where cells were counted,
cells were chosen from the images at random to the best of our ability.

(iii) ET. Electron tomography (ET) was performed as described pre-
viously (35). Ten-nanometer colloidal gold particles were applied to one
surface of grids bearing 200- to 400-nm semithin sections of high-
pressure-frozen, freeze-substituted, and Epon-embedded “Ca. Methylo-
mirabilis oxyfera” cells to serve as fiducial markers in the alignment of the
tilt series. The sections were poststained with 2% uranyl acetate in water
for 10 min. Specimens were placed in a high-tilt specimen holder, and
dual-axis data sets were automatically recorded at 200 kV using a
Tecnai-20 microscope (FEI Company, Eindhoven, The Netherlands) by
rotating the grid 90° inside the microscope (Fischione rotation holder;
Fischione Instruments, Pittsburgh, PA). The angular tilt range was from
—65° to 65°, with an increment of 1°. Binned (two by two) images (1,024
by 1,024 pixels) were recorded using a charge-coupled device (CCD) cam-
era (TemCam F214; TVIPS GmbH, Gauting, Germany). Automated data
acquisition of the tilt series was carried out using Xplore 3D (FEI Com-
pany, Eindhoven, The Netherlands). Tomograms from each tilt axis were
computed with the R-weighted back-projection algorithm and combined
into one double-tilt tomogram using the IMOD software package (18). In
total, 30 “Ca. Methylomirabilis oxyfera” cells were imaged in six double-
tilt tomograms.

(iv) Freeze-etching. Freeze-etching was performed on concentrated
(by a 4-min centrifugation step at 10,000 or 12,000 X g) “Ca. Methylomi-
rabilis oxyfera” cells from the enrichment culture, of which 1.7 ul per gold
carrier was plunge frozen in liquid nitrogen by hand. The samples then
were introduced into a Cressington freeze-etch machine at <—170°C and
a pressure of below 107¢ bar. The samples were kept at —97°C for 7 min
before being fractured. The water was left to sublimate from the samples
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for 4 min (freeze-etching) before the samples were shadowed with 1 nm
Pt-C (angle 45°) and 10 nm C (angle 90°). The biological material was
removed from the replicas by overnight incubation in 70% sulfuric acid;
the replicas were washed twice on bidistilled water and picked up with
700-mesh hexagonal copper grids before investigation by TEM.

For freeze-etching, cells were taken from the “Ca. Methylomirabilis
oxyfera” enrichment culture at two different time points. The replicas
were extensively examined by TEM, and in total 180 typical images were
obtained containing different amounts of cells (ranging from one to three
cells).

TEM. Cells, ultrathin sections, and replicas were investigated with a
TEM at 60, 80, or 120 kV (CM12, Tecnail0, or Tecnail2; FEI Company,
Eindhoven, The Netherlands), and images were recorded using a CCD
camera (MegaView II, OSIS 0124; TVIPS, Gauting, Germany).

Cryo-SEM. The coated samples were analyzed with a field emission
SEM (JSM-6330F; JEOL, Tokyo, Japan) at a sample temperature of
—170°C using an accelerating voltage of 3 kV.

RESULTS

Quantification of “Ca. Methylomirabilis oxyfera” cells in the
enrichment culture. Until now, it has not been possible to grow
“Ca. Methylomirabilis oxyfera” in pure culture. In the culture
used for this study, the level of enrichment was about 71% when
assessed by FISH using a previously described oligonucleotide
probe (26). “Ca. Methylomirabilis oxyfera” cells appeared as small
rods with an intense DAPI signal in the center. They occurred as
single cells or as multicellular aggregates, which occasionally in-
cluded cells from other species that made up 29% of the commu-
nity.

Cryo-SEM. The cell shape of “Ca. Methylomirabilis oxyfera”
was investigated using cryo-SEM (Fig. 2). The general appearance
of “Ca. Methylomirabilis oxyfera” cells was similar when prepared
with plunge-freezing or high-pressure-freezing methods. The
rod-shaped cells were, on average, 1,158 + 323 nm longand 259 =
64 nm wide (measured from a total of 50 cells). The cell surface
had a relatively smooth appearance, except for the presence of
several distinct longitudinal ridges that ran along the entire cell
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FIG 3 Transmission electron micrographs of freeze-etched “Ca. Methylomirabilis oxyfera” cells. (A and B) “Ca. Methylomirabilis oxyfera” cells fractured
longitudinally over the cell wall and displaying a putative S-layer. (C) “Ca. Methylomirabilis oxyfera” cell fractured transversely through the cell. (D) FFT power
spectrum of the putative S-layer cut-out shown in panel B. Repetitive patterns occur after ca. 7 nm. Scale bars, 200 nm.

length and joined at the cell poles in a circular, cap-like structure
(Fig. 2B, inset). Different cells had different amounts of these lon-
gitudinal ridges, resulting in a polygonal cell shape for “Ca.
Methylomirabilis oxyfera.” Further, “Ca. Methylomirabilis oxy-
fera” cells were observed to divide by binary fission in growing
cultures (Fig. 2A).

Freeze-etching. Freeze-etching also revealed the polygonal
cell shape of “Ca. Methylomirabilis oxyfera” (Fig. 3), especially
in cross-section (Fig. 3C). The ridges had a granular appear-
ance compared to the rest of the cell surface (Fig. 3A and B).
Further, “Ca. Methylomirabilis Ca. Methylomirabilis oxyfera”
cells were observed to contain an additional layer, outside the
cell wall, as the outermost sheath (Fig. 3A and B). This layer
could be a (glyco)protein surface layer (S-layer) with an
oblique or square lattice symmetry (p2 or p4). The power spec-
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trum (Fig. 3D) indicated a repetitive pattern with frequencies
at7nm~!and, in some cases, at 5nm~!. Those values are likely
to correspond to a center-to-center spacing of the S-layer units.
Compared to S-layer center-to-center spacings found in the
literature, which are in the range of 3 to 35 nm(30), these are
rather small values. However, small values have been found
previously for p2 symmetry S-layers (32).

Ultrathin sections of cryofixed, freeze-substituted, and
Epon-embedded cells. Transmission electron microscopy of ul-
trathin sections of cryofixed, freeze-substituted, and Epon-
embedded “Ca. Methylomirabilis oxyfera” cells showed a cell en-
velope typical of Gram-negative bacteria (Fig. 4). The cell
envelope had a total width of about 40 nm and consisted, from
inside to outside, of a cytoplasmic membrane, peptidoglycan, and
an outer membrane (Fig. 4D). The peptidoglycan comprised an
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FIG 4 Transmission electron micrographs of cryofixed, freeze-substituted, and Epon-embedded “Ca. Methylomirabilis oxyfera” cells. (A) Overview
showing the dominant polygonal cell shape in the sample. (B) Longitudinally sectioned “Ca. Methylomirabilis oxyfera” cells showing electron light
granules (white arrows) and condensed nucleoid (black arrow). (C) Longitudinally sectioned cells showing a Gram-negative cell envelope. (D) Cut-out
and density profile of part of the cell wall shown in panel C. The density profile is measured across the white line. The numbered arrows in the density
profile correspond to the numbered arrows in the cell wall. om, outer membrane; pe, peptidoglycan; p, periplasm; cm, cytoplasmic membrane; c,

cytoplasm. Scale bars, 500 nm.

electron-dense layer within the periplasmic space in close vicinity
to the outer membrane (Fig. 4D). “Ca. Methylomirabilis oxyfera”
cells differed from prototypical bacterial cell shapes. Transversely
sectioned cells had a polygonal cell shape with variant numbers of
sides for different cells, and longitudinally sectioned cells showed
cornered cell poles (Fig. 4). Inside the cytoplasm, electron light
granules were observed which possibly contain reserve material
(Fig. 4B, white arrows). The nucleoid, which is visible as a densely
stained area in the middle of the cell, occupied much of the cell
content and appeared to be quite condensed (Fig. 4B, black ar-
row). Surprisingly, intracytoplasmic membranes (ICMs), com-
monly found in proteobacterial methanotrophs (13, 35), were
never observed.

Ultrathin sections of chemically fixed and Epon-embedded
cells. There was a significant variation in the appearance of the cell
envelope in the chemically fixed cells compared to the cryofixed
cells. The chemically fixed cells appeared more shrunk (Fig. 5),
possibly due to dehydration, a phenomenon that is commonly
reported for chemically fixed cells, particularly when glutaralde-
hyde is used as an initial chemical fixative in combination with
dehydration at room temperature (14). In the chemically fixed
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cells, the cell wall often was collapsed while the ridges stayed in
position, resulting in a more pronounced star-like appearance of
the cells (Fig. 5). The polygonal cell shape was the dominant mor-
photype in the sample from the enrichment culture; from 980 cells
counted, cells with a polygonal shape made up 69%.

In general, when comparing the chemically fixed cells to cryo-
fixed cells, the bilayer of the outer membrane appeared thicker
and denser, and the membranes appeared more distorted and
wavy. In some instances, an additional layer with a thickness of
about 8 nm was observed on top of the outer membrane (Fig. 5C,
inset, and D). This could correspond to the putative S-layer ob-
served in the freeze-etching preparations.

ET. Three-dimensional imaging using ET confirmed the po-
lygonal shape of “Ca. Methylomirabilis oxyfera” cells after high-
pressure freezing and freeze-substitution (Fig. 6; also see Movies
S1 to S3 in the supplemental material). Occasionally, an electron-
dense, vesicular body with a diameter of about 55 nm was ob-
served within the cytoplasm (Fig. 6C, arrow). These structures
contained a rather rough and irregular boundary, and the absence
of any membrane connections suggests that they are separate en-
tities and possibly storage vesicles.
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FIG 5 Transmission electron micrographs of chemically fixed and Epon-embedded “Ca. Methylomirabilis oxyfera” cells. (A) Overview showing the star-like cell shape

caused by dehydration and cell wall collapse. Longitudinal (B and C) and transverse (D) sections show the Gram-negative cell envelope and the presence of a putative
S-layer on the top of the outer membrane. om, outer membrane; p, periplasm; cm, cytoplasmic membrane; ¢, cytoplasmy s, putative S-layer. Scale bars, 200 nm.

DISCUSSION

In the present paper, we performed a detailed ultrastructural
study of the newly discovered denitrifying methanotroph “Ca.
Methylomirabilis oxyfera.” This bacterium is a member of the
deep-branching ‘NC10’ phylum, thus it is evolutionary unrelated
to the previously known methanotrophs (10, 26). To avoid mis-
interpretation due to artifacts inherent to one single technique or
sample preparation method, we used scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and elec-
tron tomography (ET) in combination with various sample prep-
aration methods, including plunge freezing, high-pressure
freezing, chemical fixation, cryofixation, and freeze-etching, to
investigate the ultrastructure of this bacterium.

Ata first glance, “Ca. Methylomirabilis oxyfera” cells appeared
as typical rod-shaped Gram-negative bacteria. However, careful
inspection revealed that “Ca. Methylomirabilis oxyfera” possesses
a unique and not yet described ultrastructure. The cell wall con-
tained multiple longitudinal ridges, which conferred a distinctive
polygonal shape to the cells (Fig. 2 to 6). This atypical cell shape
was observed in all the independent methods and sample prepa-
rations employed. The percentage of cells that depicted the polygonal
shape (69%) was in the same range as assessed by FISH using specific
probes for “Ca. Methylomirabilis oxyfera” (71%). Taken together,
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this strongly suggests that this polygonal shape is a real feature of “Ca.
Methylomirabilis oxyfera” and is not artificial.

The mechanism by which a certain cell shape is acquired and
maintained is not always clearly understood, but it often involves
exo- or endoskeletal elements. The exoskeleton-like (glyco)pro-
tein surface layer (S-layer) and peptidoglycan components are
known to play a role in osmotic and mechanical cell stabilization,
as well as in shape maintenance (4, 9, 31). The endoskeletal-like
elements, such as the actin-like protein MreB and the tubulin-like
protein FtsZ, are known to act as internal scaffolds that influence
the cell shape (21, 41). Another endoskeletal protein is the inter-
mediate filament crescentin (CreS). The presence of crescentin is
essential for the formation of the vibrioid and helical cell shape of
Caulobacter crescentus, and the absence of it leads to cells with a
straight, rod cell shape (2). The genome of “Ca. Methylomirabilis
oxyfera” contains both mreB (open reading frame [ORF] identi-
fier DAMO_3131) and ftsZ (ORF identifier DAMO_2292) genes,
but no homologue of creS, the gene encoding crescentin, is found.
However, these known shape-determining elements alone cannot
explain how complex cell shapes, like the polygonal cell shape of
“Ca. Methylomirabilis oxyfera,” are formed and maintained. The
square shape of Haloquadratum walsbyi (36) is an example of an-
other complex and unusual cell shape. In this archaeon, it is hy-
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FIG 6 (A, B, and C) Tomographic slices of “Ca. Methylomirabilis oxyfera” cells showing the polygonal cell shape. See also Movies S1, S2, and S3 in the
supplemental material, respectively. (D) Model of the tomogram shown in panel C. Arrow, electron-dense vesicular body. Scale bars, 500 nm.

pothesized that the square shape is derived from the presence of a
cross-linked matrix of poly-gamma-glutamate that forms a cap-
sule outside the cell (3). It is possible that the polygonal cell shape
in “Ca. Methylomirabilis oxyfera” also is derived from the pres-
ence of a capsular matrix, as has been suggested for H. walsbyi. If
so, the composition of this matrix most likely is different from the
one in H. walsbyi, since “Ca. Methylomirabilis oxyfera” lacks the
genes encoding the poly-gamma-glutamate biosynthesis protein
complex CapBCA (1). However, in contrast to the prototypical
Gram-negative bacteria, where the outer membrane gives the bac-
teria a rough appearance when examined by SEM, the cell surface
of “Ca. Methylomirabilis oxyfera” was relatively smooth (Fig. 2).
This smoothness was consistent with the presence of an additional
layer as the outermost sheath, a putative S-layer (Fig. 3 and 5C, inset,
and D). This layer might play a role in cell shape maintenance and/or
determination. Nevertheless, this hypothesis requires further investi-
gation, and the possibility that the polygonal cell shape is derived
from an endoskeleton-like element cannot be ruled out.
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To our knowledge, the presence of a star-like cell shape was
reported only once in the literature (38). It was found in a branch-
ing, filamentous bacterium from a deep-surface mine slime. The
authors named the bacteria “star-shaped bacteria” due to their
appearance as stars in transverse sections of chemically fixed cells.
Unfortunately, there is no genetic information available about
these star-shaped bacteria; otherwise, it would be interesting to
investigate whether it is phylogenetically related to “Ca. Methylo-
mirabilis oxyfera,” and whether both organisms share unique
genes involved in cell shape determination.

Strikingly, one ultrastructural feature was not observed in “Ca.
Methylomirabilis oxyfera” cells under the present growth condi-
tions, namely, ICMs. With the exception of verrucomicrobial spe-
cies, ICMs are common to all known pMMO-containing metha-
notrophs (13, 34). The extension and arrangement of the ICM
might, however, differ from species to species and with growth
conditions (5). In this study, we did not observe ICMs of any kind
in “Ca. Methylomirabilis oxyfera” cells. Such negative results,
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however, must be interpreted cautiously because they do not neces-
sarily imply a genetic incapability to produce such structures. “Ca.
Methylomirabilis oxyfera” is an extremely slow-growing organism;
the estimated doubling time is 1 to 2 weeks under laboratory condi-
tions (11), with a metabolic rate of 1.7 nmol methane oxidized min—!
mg protein—! (12). It was suggested that the slow metabolism was due
to suboptimal growth conditions (i.e., the lack of an essential growth
cofactor) (40), but this still needs further investigation. One possible
explanation for the lack of ICMs is that it is energetically disadvanta-
geous for “Ca. Methylomirabilis oxyfera” to produce ICMs, since to
do so requires a considerable energy investment that does not comply
with its slow metabolism. Hence, the question remains whether op-
timal growth conditions would trigger the development of ICMs or
whether the lack of these structures is an intrinsic property of “Ca.
Methylomirabilis oxyfera.”

In conclusion, we found that “Ca. Methylomirabilis oxyfera”
cells possess an unusual polygonal cell shape. The mechanism of
polygonal cell shape determination, however, remains a puzzle to
be solved. The unique cell shape of “Ca. Methylomirabilis oxy-
fera” provides clear differentiation from other morphotypes and
might be valuable as a morphology-based tool for identification.
Other observations, such as the putative S-layer and the apparent
absence of ICMs, are interesting and a challenge for future re-
search on the formation of the atypical polygonal cell shape and
the actual subcellular localization of the pMMO enzyme.
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